
POLITECHNIKA GDANSKA

‘
WILDE KRZYSZTOF

PASSIVE AERODYNAMIC

CONTROL OF WIND INDUCED

INSTABILITIES IN LONG

SPAN BRIDGES

monografie

2
0

0
2

30
ISBN 978-83-7348-191-6

W Y D A W N I C T W O



GDAŃSK 2002

GDAŃSK UNIVERSITY OF TECHNOLOGY

WILDE KRZYSZTOF

PASSIVE AERODYNAMIC

CONTROL OF WIND INDUCED

INSTABILITIES IN LONG

SPAN BRIDGES



PRZEWODNICZĄCY KOMITETU REDAKCYJNEGO 
WYDAWNICTWA POLITECHNIKI GDAŃSKIEJ 
Zbigniew Cywiński 

REDAKTOR 
Andrzej Małasiewicz 

RECENZENCI 
Zbigniew Cywiński 
Kazimierz Szmidt 

PROJEKT OKŁADKI 
Jolanta Cieślawska 
 
 
 
 
 
  
 
 
Wydano za zgodą 
Rektora Politechniki Gdańskiej 
 
 
 
 
 
Wydawnictwa PG można nabywać w księgarni PG (Gmach Główny) 
i zamawiać listownie lub pocztą elektroniczną pod adresem: 
Wydawnictwo Politechniki Gdańskiej 
ul. G. Narutowicza 11/12, 80952 Gdańsk, tel. (058) 347 22 99 
e-mail: wydaw@pg.gda.pl,  www.pg.gda.pl/Wydawnictwo PG 
 
 
 
 
 
 Copyright by 
Wydawnictwo Politechniki Gdańskiej 
Gdańsk 2002 
 
 
 

ISBN  83–7348–012–9 
 
 
WYDAWNICTWO  POLITECHNIKI  GDAŃSKIEJ 
Wydanie  I.  Ark. wyd. 8,8.  Ark. druku 9,25 
Zamówienie nr 114/2002 
Druk:  Zakład Poligrafii Politechniki Gdańskiej 
ul. G. Narutowicza 11/12, 80-952 Gdańsk, tel. 347 25 35 



CONTENTS  

Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
 
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 

1.1. Wind loads on bridges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 
1.2. Methods of analysis of aeroelastic response of bridges . . . . . . . . . . . . . . . . . . . . . . . . . 10 

1.2.1. Wind tunnel experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
1.2.2. Analytical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 

1.3. Suppression of wind induced vibration of long span bridges . . . . . . . . . . . . . . . . . . . .  14 
1.4. Aim and scope of study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 

 
2. Study on sectional models of passive aerodynamic control systems . . . . . . . . . . . . . . . . . . 19 

2.1. Bridge-surfaces control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
2.1.1. Mathematical model of aerodynamic forces . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 
2.1.2. Equation of motion of bridge-surfaces control system . . . . . . . . . . . . . . . . . . . 27 
2.1.3. Numerical simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

2.1.3.1. Uncontrolled bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
2.1.3.2. Control system 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
2.1.3.3. Control system 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

2.2. Bridge–flaps control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 
2.2.1. Mathematical model of aerodynamic forces . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 
2.2.2. Equation of motion of bridge-flaps control system . . . . . . . . . . . . . . . . . . . . . . 43 
2.2.3. Numerical simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 

2.2.3.1. Uncontrolled bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 
2.2.3.2. Control system 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 
2.2.3.3. Control system 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 

2.3. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53 
 
3. Wind tunnel experiments on sectional models of aerodynamic control systems . . . . . . . . . 54 

3.1. Experiment on bridge–surfaces control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 
3.1.1. Description of experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 
3.1.2. Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 

3.2. Experiment on bridge–flaps control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
3.2.1. Description of experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
3.2.2. Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 

3.3. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 
 
4. Study on three dimensional FEM models of control systems . . . . . . . . . . . . . . . . . . . . . . .  84 

4.1. Long span suspension bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 
4.1.1. FEM model of the bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 
4.1.2. Numerical simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 

4.2. Bridge–surfaces control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 
4.2.1. FEM model  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 
4.2.2. Numerical simulations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 

4.2.2.1. Control system 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 
4.2.2.2. Control system 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 

4.3. Bridge–flaps control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 
4.3.1. FEM model  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 
4.3.2. Numerical simulations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

4.3.2.1. Control system 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 
4.3.2.2. Control system 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 



4 Contents 

4.4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 
 
5. Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  124 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 
Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 
Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  138 
Appendix C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 
Abstract in English . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 
Abstract in Polish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 
 

 
 



NOTATION  

, 1, 2  tosional displacement of bridge deck 
a, b, c, d, e, f, l, m  variables defining geometry of wing-aileron-tab system 
a, b, ahd, bhd, avd, bvd, ahc, bhc,  parameters for evaluation of damping  
a0, ai (i = 1, ..., n)  coefficients of approximation of Theodorsen’s function 
ah  distance between the center of rotation of the deck and the end of 

hanger cable 
Ai (i = 1, ..., 4)  flutter derivatives of aerodynamic moment 
A  state space coefficient matrix 
  angular displacement of pendulum; torsional displacement of 

leading flap 
b, b1, b2  half chord width of the bridge-flaps system, width of leading and 

trailing flap 
bc  half of the distance between main cables 
bi, bi,i  lag coefficients of rational function approximation 
Bd, B1, B2  width of the deck and control surface 
c1, c2  control gains 
ch, c, c, c  damping coefficients of heaving, pitching and flap motions 
C(s)  Theodorsen’s function 
CD, CL, CM  drag, lift, moment steady force coefficient 
CDc  steady drag coefficient of cable 
C  damping matrix 
Ca  matrix of aerodynamic damping 
Ca,i (i = 1,2)  matrix of aerodynamic damping of leading and trailing surface 
Ce

a  element aerodynamic damping matrix 
Cs  matrix of structural damping 

e
sh

e
s

e
sv

e
sh cdd

CCCC ,,,    damping matrices corresponding to horizontal, vertical, torsional 

displacement of the deck and motion of main cables 
d, d1, d2  places of connection of surfaces to the pendulum 
dc  diameter of main cables 

( ( ), ( ))D C k C k   distance between points of curves C(k) and ( )C k  

Dc  drag force on main cable 
Dd, D1, D2  drag force on bridge deck and control surfaces 
Dr, Lr, Mr  relative drag, lift and moment force 
D  matrix of rational function approximation of deck forces 
D1,i (i = 1,2)  matrix of rational function approximation of surfaces forces 
De

sec, D
e  global coefficient matrices of rational function approximation 

  approximation error 
E  matrix of rational function approximation 
e1, e2  position of hinge lines of control surfaces with respect to the 

center of the bridge deck 
ec1, ec2  location of the hinges of flaps with respect to the center of gravity 

of the bridge deck 



6 Notation 

E1,i (i = 1,2)  matrix of rational function approximation of surfaces forces 
Ea, Rb, Eb  global matrices of coefficients of rational function approximation 
Ee

a, R
e
b, E

e
b  matrices of coefficients of rational function approximation for 

finite element of aerodynamic forces 
  relative angle of attack 
h ,    phases of heaving and pitching motion 
h1, h2  inclination angles of hanger cables 
Lexp, Mexp  phases of experimentally obtained aerodynamic lift and moment 
F  dissipation function 
F  total aerodynamic forces acting on the bridge deck 
Fd, F1, F2  vector aerodynamic forces on deck and control surfaces 
Fs  vector of static aerodynamic forces 
  torsional displacement of trailing flap 
h, h1, h2  vertical displacement of bridge deck and leading and trailing 

surfaces 
h0, 0, 0  amplitudes of excitation of heaving, pitching and rotation of lead-

ing flap 
hd, hc1, hc2  horizontal displacement of deck and main cables 
H  depth of bridge deck; tension force in main cables 
H, Hi (i = 1, 2, 3)  increment in horizontal tension forces 
Hi (i = 1, ..., 4)  flutter derivatives of lift force 
Hn

(2) (i = 1,2)  Henkel functions 
I  mass moment of inertia 
I  identity matrix 
  inclination of cable element 
kh, k, k, k  stiffness coefficients of heaving, pitching and flap motions 
klow, kup  lower and upper bound for approximation of Theodorsen’s func-

tion 
K, k  reduced frequency 
Ka  matrix of aerodynamic stiffness 
Ka,i (i = 1,2)  matrices of aerodynamic stiffness of leading and trailing surface 
Ke

a  element aerodynamic stiffness matrix 
Kb, Kcc,  stiffness matrices due to supporting system 
Ke

sh  cable element structural stiffness matrix due to geometric stiffness 
of hanger cables 

Ke
sd  element structural stiffness matrix 
e
scK   cable element gravity stiffness matrix 

Ks  matrix of structural stiffness 
Ksup  stiffness matrix due to supporting beam 
i  eigenvalues 
L  ordinary matrix differential operator 

L ( 1, 2, 3)iL i    length of cable of i-th span 

L0exp, M0exp  amplitudes of experimentally obtained aerodynamic lift and mo-
ment 

L0th, M0th  amplitudes of lift and moment determined theoretically 
Ld, L1, L2  lift force on bridge deck and control surfaces 
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Lexp, Mexp  experimentally obtained aerodynamic lift and moment 
lh  length of hanger cable 
Lh, M, M, M  lift and moment forces acting of bridge-flaps system 
Li (i = 1, 2, 3)  lengths of side and main spans 
L, U  lower and upper constrains for optimization of lag coefficients 
M  mass matrix 
m  mass per unit length 
M0, M0  prestressing moments of control cables 
Md, M1, M2   lift force on bridge deck and control surfaces 
Me

a  element aerodynamic mass matrix 
Me

s  element structural mass matrix 
Mij, wij  weighting factor of approximation function 
Ms  matrix of structural mass 
N  shape function matrix of structural element 
Na  shape function matrix for aerodynamic states 
n  number of lag coefficients 

1
e
cN , 2

e
cN   shape function matrices for cable elements 

p  dimensionless Laplace variable 
P  vector of wing-aileron-tab system 
Pi (i = 1, ..., 4)  flutter derivatives of drag force 
  air density 
Q  matrix of coefficients of unsteady aerodynamic forces 
q  independent degrees of freedom of deck surfaces system 
q1, q2  vectors of absolute displacements of leading and trailing surfaces 
qd  vector of deck’s displacements 
qe  vector of element structural degrees of freedom 
qe

a  vector of nodal aerodynamic states of finite element 
qf  vector of relative displacements of flaps 
qh, q, q, q  displacements of wind-aileron-tab system 
qt  vector of displacements of wind-aileron-tab system 
R  matrix of lag coefficients; matrix of geometry of wind-aileron-tab 

combination 
r  global dispalcement vector structural degrees of freedom 
s  Laplace variable 
S, S, S  first moment of inertia of the deck, leading flap and trailing flap 
S1, S2  coordinate transformation matrices; matrices of geometry of wind-

aileron-tab system 
Sd  coordinate transformation matrix 
t  time 
T, Tq  coordinate transformation matrix 
Te

d, T
e
c1, T

e
c2  kinetic energy of structural finite element due to deck and main 

cables 
Tp  period of pendulum 
U  mean wind speed 
uc, hc, vc,  longitudinal, horizontal and vertical displacement of the cable 
Ud  divergence wind speed 
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Uf  flutter wind speed 
Ur  relative wind speed 
V, V1, V2  matrices of dynamic pressure 
Vc  potential energy of cables 

V   potential energy of cables arising from gravity 

cV   strain potential energy of cables 

Ve
h  cable element potential energy due to stiffness properties of 

hanger cables 
vd, vc1, vc2  vertical displacement of deck and main cables 
Ve

d, V
e
c1, V

e
c2  potential energy of structural finite element due to deck and main 

cables 
vi  eigenvectors 
  circular frequency of oscillation 
x  horizontal displacement of bridge deck 
X  vector of global nodal forces 
xa  vector of aerodynamic states 
xc1, xc2  points of connection of control cables to the supporting beam 
xe  displacement vector of element cross-section 
xe

a  vector of aerodynamic states of section of bridge deck 
Xe

sec  vector of forces of element cross-section 
Xe

U  vector of displacement independent static wind forces 
  damping ratio 
y  cable deflection 
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